I[ntroduction]{.smallcaps} {#sec1-1}
==========================

Noise-induced hearing loss has been a topic of research for decades, whereby most attention has been paid to inner ear pathologies.\[[@ref1][@ref2][@ref3][@ref4][@ref5][@ref6]\] Noise leads to oxidative stress and modified blood flow in the cochlea, with altered expression of proapoptotic and antiapoptotic genes, cell death and hair cell loss along the basilar membrane.\[[@ref7][@ref8][@ref9][@ref10][@ref11][@ref12]\] Changes in the central auditory pathway have been proposed to result from deafferentation due to cochlear pathologies after noise. Degeneration in the cochlear nucleus (CN) after cochlear ablation was already described more than 40 years ago.\[[@ref13]\]

Alterations within the central auditory system contribute to a shift in hearing thresholds (central hearing loss)\[[@ref14]\] and might be triggered by noise trauma\[[@ref15]\] or deafferentation.\[[@ref13][@ref16]\] However, it was also found that acoustic overstimulation appears to have a direct impact on the central auditory pathway. It was shown that noise leads to a significant decrease in cell densities in the central auditory system during the first days after acoustic overexposure. The CN seems to be affected immediately, while 7 days after a noise trauma, a reduction in cell density was found in the colliculus inferior (IC), medial geniculate body (MGB), and primary auditory cortex (AI).\[[@ref17][@ref18]\] Lately, the time course of apoptosis after acoustic overstimulation was described for the CN and IC,\[[@ref15]\] supporting the results described above. Significantly, neuronal loss in the CN varies between its subdivisions, depending on whether the trauma was induced by noise exposure or mechanical compression of the auditory nerve.\[[@ref19][@ref20]\] A correlation between noise exposure and cell death in the central auditory pathway has been reported by several studies. Following exposure to impulse noise, cell death mechanisms have been found in neurons of auditory cortex layers 2 to 6 from 6 h up to 7 days.\[[@ref21]\] The expression of C-Jun, a gene playing a key role in neuronal cell death, is also elevated in the central auditory system after a noise trauma.\[[@ref21][@ref22]\] Free radicals, reactive oxygen species or lipid peroxidation are stimulated by noise exposure and promote cell death mechanisms such as apoptosis and necrosis.\[[@ref23][@ref24][@ref25][@ref26][@ref27]\] With regard to these results, noise-induced cell death mechanisms are understood to induce the observed neuronal loss in several auditory brain structures, including the MGB and AI.\[[@ref17][@ref18]\]

Therefore, the aim of the present study was to investigate the time course of noise-induced cell death in the three subdivisions of the MGB \[ventral MGB (vMGB), medial MGB (mMGB), and dorsal MGB (dMGB)\], as well as in the six histological layers of the AI (AI 1--6) so as to contribute to the understanding of different pathological findings in the central auditory system following acoustic overstimulation.

E[xperimental]{.smallcaps} P[rocedures]{.smallcaps} {#sec1-2}
===================================================

Nineteen young adult (30--40 days of age) female normal hearing mice (NMRI strain) were used in this study. The experimental protocol was approved by the governmental commission for animal studies (LaGeSo, Berlin, Germany; PI: Dr. Dietmar Basta, approval number: G0416/10). Experiments were carried out in accordance with the EU Directive 2010/63/EU on the protection of animals used for scientific purposes. All efforts were made to minimize the number of animals used and their suffering.

Noise Exposure {#sec2-1}
--------------

The noise exposure paradigm is described in detail elsewhere.\[[@ref18]\] Briefly, a broadband flat spectrum noise (5--20 kHz) was applied to the animals for 3 h at 115 dB sound pressure level (SPL) under anesthesia (6 mg/kg xylazine and 60 mg/kg ketamin) in a soundproof chamber (80 cm × 80 cm × 80 cm, minimal attenuation 60 dB). An amplifier (Tangent AMP-50, Aulum, Denmark) and a DVD player were connected to loudspeakers (HTC 11.19; Visaton, Haan, Germany) placed above the animal's head. A sound level meter (Voltcraft 329; Conrad Electronic, Hirschau, Germany) was located next to the animal's ear to calibrate SPL. A heating pad (Thermolux CM 15W; Acculux, Murrhardt, Germany) was placed under the mice to keep body temperature constant at 37°C during video-camera-controlled anesthesia. Different groups of animals were investigated at various points in time following noise exposure \[[Figure 1](#F1){ref-type="fig"}\]. Four animals were investigated 24 h postexposure (24-h group), five animals were investigated after 7 days postexposure (7-day group), and another five animals were investigated 14 days postexposure (14-day group). Five mice were kept as unexposed controls (control group).

![Paradigm of investigation. At day 0, mice were noise-exposed (115 dB SPL, 5--20 kHz, 3 h) under anesthesia. The central auditory pathway was histologically analyzed at different points in time after the noise exposure. The MGB and AI of the "24-h group" were TUNEL-stained 24 h postexposure. Other TUNEL stainings were performed for different animals one and 2 weeks after noise exposure for the "7-day group" and "14-day group", respectively](NH-19-133-g001){#F1}

Terminal Deoxynucleotidyl Transferase Dioxyuridine Triphosphate Nick-End Labeling Assay Staining {#sec2-2}
------------------------------------------------------------------------------------------------

On the day of investigation, following anesthesia, animals were perfused via the left heart chamber with 4% paraformaldehyde to reach a good fixation. The skull was opened carefully to remove the brain. After embedding in paraffin, 10-μm thick slices in the frontal plane were made using a rotation microtome (Euromex Präzisions Minot Rotationsmikrotom MT.5505; Arnhem, The Netherlands). The slices were stained by using the terminal deoxynucleotidyl transferase (TdT) dioxyuridine triphosphate (dUTP) nick-end labeling assay (TUNEL) method (In Situ Cell Death Detection Kit POD; Roche, Mannheim, Germany) to visualize cell death mechanisms.\[[@ref28]\] After removing the paraffin \[2× Rotihistol^®^ (Carl Roth, Karlsruhe, Germany) for 10 min\], rehydrating in a descending ethanol series (90 and 70%, 5 min each) and distilled water (5 min), a 10-min pretreatment with 5% proteinase K (20.5 µg/ml in 10-mM Tris--hydrogen chloride (HCL), pH 7.5, 100 µl per slice) was performed.\[[@ref29]\] DNA strain breaks were provoked via deoxyribonuclease (DNAse) I recombinant (100 U/ml; Roche) used as a positive control as proposed by the manufacturer (Roche). A 3% H~2~O~2~ solution (dissolved in methanol) was applied for 5 min to block endogenous nucleases and avoid false-positive results. Each slice was incubated for 60 min with 50 μl TUNEL reaction mixture (diluted 1:2 with phosphate buffered saline (PBS)) at 37°C in a humidified chamber. To obtain a light microscopic analysis, each slice was incubated for 30 min with 50 μl converter-POD, with diaminobenzidine as substrate (50 μl per slice for 10 min). After washing in PBS and distilled water, a dehydration in an ascending alcohol series (70% ethanol, 90% ethanol, and 100% isopropanol for 1 min each) was performed. Slices were stored in Rotihistol until mounting with Roti Histokitt^®^ (Carl Roth).

The stained slices were microscopically magnified (250×, Carl Zeiss; Axiovert 25C, Göttingen, Germany) and colored photomicrographs were taken using a digital camera (Canon Eos 1000D, Tokyo, Japan). Pictures were standardized ("autocontrast" function, Adobe Photoshop CS3 Extended, Version 10.0, 2007, San José, California, USA) and TUNEL-positive cells were counted manually in grids within the vMGB (0.21 mm × 0.39 mm), mMGB (0.1 mm × 0.39 mm), dMGB (0.21 mm × 0.2 mm), and six layers of the AI (0.05 mm × 0.39 mm).\[[@ref30]\] The brain areas were defined in accordance with the mouse brain atlas of Paxinos and Franklin.\[[@ref31]\] Equivalent regions of interest were investigated in earlier studies for determination of cell densities in the MGB and AI.\[[@ref18]\]

Statistical Analysis {#sec2-3}
--------------------

Data from the 24-h and 7-day groups were tested for significant differences against unexposed controls, according to earlier publications investigating cell death and loss of neurons in central auditory structures.\[[@ref15][@ref18]\] Data from the 14-day group were tested against the 7-day group in accordance with earlier studies of calcium-related neuronal activity.\[[@ref32]\]

With regard to the data, Pearson's Chi-square test (SPSS^®^ Statistics, Version 20; IBM^®^, Armonk, New York, USA) was used to calculate *P* values. Therefore, grids with TUNEL-positive cells were distinguished from grids without TUNEL-positive cells. Results are visualized as ratio of TUNEL-positive grids to all analyzed grids \[Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}\].

![Results from the medial geniculate body. Ratio of TUNEL-positive grids to all grids in the ventral, medial, and dorsal subdivisions of the MGB (vMGB, mMGB, and dMGB). In the dMGB, an elevation in TUNEL-positive grids was found in the 24-h group compared to unexposed controls (marked with an asterisk). No statistically significant differences were found between any other groups or substructures in the MGB](NH-19-133-g002){#F2}

![Results from the six layers of the primary auditory cortex. Ratio of TUNEL-positive grids to all grids within the six histological layers of the primary auditory cortex (AI-1 to AI-6). Compared to unexposed controls (white) no statistically significant differences were found in either the 24-h group (light gray) or 7-day group (dark gray). The decrease in the 14-day group (black) compared to the 7-day group (dark gray) in layer 1 lost statistical significance due to multiple comparison and was therefore marked with asterisk in parenthesis (\*)](NH-19-133-g003){#F3}

The significance level was set at *P* \< 0.05 for all statistical analysis. Bonferroni alpha adjustment was applied to account for multiple comparisons (*P* \< 0.025 for two tests, *P* \< 0.017 for three tests). Results with statistical significance at the level of *P* \< 0.05 were marked with an asterisk, whereas differences that lost statistical significance due to multiple comparison were marked with asterisk in brackets (^\*^).

R[esults]{.smallcaps} {#sec1-3}
=====================

Terminal Deoxynucleotidyl Transferase Dioxyuridine Triphosphate Nick-End Labeling Assay-Labeling in the Medial Geniculate Body {#sec2-4}
------------------------------------------------------------------------------------------------------------------------------

Between 25 and 41 grids were analyzed in the MGB. In the dMGB, the ratio of TUNEL-positive grids compared to all analyzed grids in the 24-h group was significantly elevated compared to unexposed controls. No statistically significant differences were found either in vMGB or mMGB at any point of investigation \[[Figure 2](#F2){ref-type="fig"}\].

In dMGB, the ratio of TUNEL-positive grids to all grids was 41% in unexposed controls. An increase in TUNEL-positive grids was found in the 24-h (72%) and 7-day groups (56%). Compared to unexposed controls, these differences were statistically significant in the 24-h group (*P* = 0.012) but not in the 7-day group (*P* = 0.244). One week later, at day 14 after noise exposure, the ratio was decreased to 41%. This difference was not significant compared to the 7-day group (*P* = 0.229).

A similar time course was found in the ventral subdivision of the MGB, whereby the differences in TUNEL-positive cells per grid were not statistically significant at any of the three investigation times. In the vMGB of unexposed controls, a ratio of 35% TUNEL-positive grids was present. TUNEL-positive grids were at 49% 24 h after the noise exposure and increased to 53% in the 7-day group. 33% TUNEL-positive grids were found in the 14-day group. However, the observed changes did not reach statistical significance (*P* ~24-h\ group~ = 0.268, *P* ~7-day\ group~ = 0.159, and *P* ~14-day\ group~ = 0.100, respectively).

In the mMGB subdivision, 35% TUNEL-positive grids were counted in unexposed controls, 37% in the 24-h group (*P* = 0.923) and 32% in the 7-day group (*P* = 0.791). Two weeks after the noise exposure, 39% TUNEL-positive grids were found. This increase did not show statistically significant difference from TUNEL-positive cells counted in the 7-day group (*P* = 0.544).

Terminal Deoxynucleotidyl Transferase Dioxyuridine Triphosphate Nick-End Labeling Assay-Labeling in the Primary Auditory Cortex {#sec2-5}
-------------------------------------------------------------------------------------------------------------------------------

Between 28 and 46 grids were analyzed in the AI. In layer 1, the ratio of TUNEL-positive grids to all grids decreased in the 14-day group compared to 7-day group (14 vs 38%; *P* = 0.035). No other statistically significant differences were found at any time point for any of the six histological layers of the AI \[[Figure 3](#F3){ref-type="fig"}\].

A total of 32% of the grids counted showed TUNEL-positive cells in layer 1 in unexposed controls (layer 2: 20%, layer 3: 33%, layer 4: 36%, layer 5: 43%, and layer 6: 29%). These values did not differ significantly from the ratio of TUNEL-positive grids in the 24-h group (ratio of TUNEL-positive grids and *P* values in layer 1: 32%, *P* ~AI-1~ = 0.972; layer 2: 30%, *P* ~AI-2~ = 0.343; layer 3: 34%, *P* ~AI-3~ = 0.948; layer 4: 27%, *P* ~AI-4~ = 0.448; layer 5: 24%, *P* ~AI-5~ = 0.100; and layer 6: 24%, *P* ~AI-6~ = 0.656) nor from 7-day group (layer 1: 38%, *P* ~AI-1~ = 0.621; layer 2: 24%, *P* ~AI-2~ = 0.731; layer 3: 33%, *P* ~AI-3~ = 0.949; layer 4: 33%, *P* ~AI-4~ = 0.835; layer 5: 39%, *P* ~AI-5~ = 0.722; and layer 6: 33%, *P* ~AI-6~ = 0.730). Fourteen days after the noise exposure, ratio of TUNEL-positive cells was measured (layer 1: 14%, layer 2: 30%, layer 3: 14%, layer 4: 19%, layer 5: 26%, and layer 6: 20%), and a decrease was indicated compared to 7-day group in all layers (exception in layer 2 that showed an increase of TUNEL-positive grids). These differences in the ratio of TUNEL positive cells were not statistically significant, in layer 1 (*P* ~AI-1~ = 0.035) due to Bonferroni's correction (*P* ~AI-2~ = 0.530, *P* ~AI-3~ = 0.058, *P* ~AI-4~ = 0.163, *P* ~AI-5~ = 0.207, and *P* ~AI-6~ = 0.222).

D[iscussion]{.smallcaps} {#sec1-4}
========================

The present study investigated the influence of traumatizing noise on cell death mechanisms such as apoptosis, necrosis, and autolytic cell death\[[@ref33]\] over time in the thalamic and cortical structures of the auditory system, which might reflect one of the underlying pathophysiological mechanisms in noise-induced neuronal loss in the MGB and AI determined in earlier studies.\[[@ref17][@ref18]\]

Medial Geniculate Body {#sec2-6}
----------------------

The TUNEL labeling in the MGB was analyzed for its three subdivisions separately. The ventral subdivision of the MGB is tonotopically organized as part of the classical auditory pathway and receives its main input from the central nucleus of the inferior colliculus (ICC).\[[@ref34][@ref35][@ref36][@ref37]\] In the present study, the increase in TUNEL in the 24-h and 7-day groups in vMGB was more than 40% compared to unexposed controls, but not statistically significant \[[Figure 2](#F2){ref-type="fig"}\]. Protection of the vMGB might be due to large GABAergic feed-forward inhibition from ICC to vMGB\[[@ref38][@ref39]\] or inhibitory feedback from the reticular thalamic nucleus, which receives excitatory inputs from AI-6 and multimodal cortical areas as well as from the thalamus.\[[@ref39]\] Previous investigations in the lower auditory pathway showed increased TUNEL labeling immediately after noise trauma that lasted for more than 1 week.\[[@ref15]\] Effects in CN and IC were significant and the time course was similar for both structures. However, the total number of apoptotic cells was lower in IC, possibly caused by inhibitory projections from CN to higher structures suppressing cellular hyperexcitation, resulting in neuronal protection.\[[@ref40]\] The time course of cell death in vMGB was comparable to its preconnected IC and CN but again less prominent and statistically not significant. However, as neuronal loss was similar 1 week postexposure in CN, IC, and vMGB (30, 31, and 31%, respectively),\[[@ref18]\] peak of cell death might be delayed along the ascending auditory pathway rather than being diminished.

Similar conclusions were drawn from another study measuring the accumulation of calcium by using a manganese technique at different times following exposure to the present noise paradigm. No differences were found between unexposed controls, an acutely investigated group (due to the timespan of manganese accumulation comparable to the 24-h group in the present study) or after 14 days, but was enhanced 1 week after exposure in the MGB.\[[@ref32]\] Elevated intracellular calcium has been proposed to serve as a key factor in necrosis and apoptosis, both being stained by TUNEL.\[[@ref33][@ref41][@ref42][@ref43]\]

Noise-induced hyperactivity has been described for several structures in the central auditory pathway including the MGB\[[@ref44][@ref45][@ref46][@ref47][@ref48][@ref49]\] and might contribute to the present TUNEL findings in vMGB, as upregulation of excitatory neurotransmission plays an important role during induction of cell death.\[[@ref50][@ref51]\] Similar results have been shown in the central olfactory system, where neuronal plasticity and reorganization accompany cell death.\[[@ref52]\] Supporting these ideas, a 2-deoxyglucose increase, representing a marker for neuronal activity and neuroplasticity, was also found after noise exposure in MGB.\[[@ref53]\]

Medial and dorsal subdivisions of the MGB show different characteristics compared to vMGB. They are smaller in size in mice, they are not part of the classical auditory pathway, they receive different input (e.g., other IC substructures and somatosensory system) and they are not tonotopically organized.\[[@ref35][@ref36][@ref37][@ref54]\] Both, mMGB and dMGB, show different neuronal responses to acoustic stimulation compared to vMGB.\[[@ref54]\] In any case, a massive neuronal loss 1 week postexposure was found in all subdivisions of the MGB, which was shown to be slightly less prominent in the mMGB (−28%) compared to dMGB (−31%), and vMGB (−31%).\[[@ref18]\] Therefore, an increase in cell death mechanisms should occur in mMGB and dMGB during the week following noise exposure. Results in mMGB led to the assumption that apoptosis starts later (\>24 h postexposure) and ends earlier (\<7 days postexposure), possibly due to slightly weaker degeneration. In contrast, dMGB data showed a significant increase in TUNEL staining in the 24-h group (*P* = 0.012) and a slight elevation in the 7-day group compared to controls. As discussed for the vMGB, neuronal degeneration is quite prominent 7 days postexposure.\[[@ref18]\] Inhibitory and excitatory inputs originating from the central nucleus and other substructures of the IC reach the MGB,\[[@ref55]\] but feed-forward inhibition from the ICC mentioned before might have a stronger protective function in the vMGB\[[@ref38][@ref39]\] and could explain the earlier on-set of cell death after noise exposure in the dMGB data.

Significantly, only the mMGB subdivision showed a slight, although not significant, increase in TUNEL-positive grids in 14-day group (39%) compared to 7-day group (32%), and might be a first indication of degeneration due to deafferentation and reorganization in higher central auditory structures. Similar effects occur in the visual cortex after enucleation.\[[@ref56]\] In contrast to vMGB and dMGB, the mMGB appears more vulnerable to deafferentation, perhaps due to its extralemniscal innervation and multisensory integration, whereas ascending connections to ICC might explain the massive neuronal loss at day 7 postexposure.\[[@ref17][@ref18][@ref57]\] Comparable consequences were described for the DCN, which receives multisensory projections and changes its responsiveness to trigeminal stimulation after noise damage.\[[@ref58]\] With regard to reduced neuronal density 1 week postexposure, another important finding is the ratio of TUNEL-positive grids being similar or higher in the 7- and 14-day groups compared to unexposed controls, suggesting ongoing degeneration. An upregulation of plasticity markers was found in the CN between 15 and 30 days but not within the first week postlesion\[[@ref59]\] and axonal sprouting was described in the DCN from weeks up to months after trauma.\[[@ref60][@ref61]\] This might compensate for reduced connectivity accompanying cell death.\[[@ref62]\] An increase of calcium activity in the MGB\[[@ref32]\] is proposed to act as a neuroprotective,\[[@ref42][@ref43]\] possibly responsible for the results seen in mMGB. On the other hand, calcium accumulation could be related to apoptosis in each subdivision of the MGB due to different concentrations occurring over time.\[[@ref41]\]

Primary Auditory Cortex {#sec2-7}
-----------------------

The thalamus is the primary source of sensory information to the cerebral cortex.\[[@ref63]\] The AI receives its main input from the ventral subdivision of the MGB that terminates in the middle layers of the AI, but also extralemniscal connections including dMGB and mMGB exist.\[[@ref64]\] In addition, inputs arise from several multisensory thalamic and cortical areas.\[[@ref63]\]

Former studies showed a reduced cell loss in AI 1 week postexposure compared to lower auditory structures (layer-dependent between 10 and 18%),\[[@ref18]\] indicating that the magnitude of cell death should also be less. In the present study, no statistically significant increase in TUNEL-positive staining could be found within 1 week postexposure for any of the six layers of the AI, suggesting that maximum apoptotic levels are present between the points in time when measurements were performed.

Since the increase in TUNEL-positive grids in the mMGB in the 14-day group was interpreted as deafferentation-induced degeneration, a similar, but reduced effect may be present in AI-2, the only layer showing even a slight increase in TUNEL-positive grids in the present study after 14 days. This hypothesis is underpinned by earlier investigations that did not find a significant cell loss 1 week after noise exposure in AI-2 (in contrast to all other AI layers).\[[@ref18]\] As AI-2 receives no direct input from the MGB but rather from higher auditory structures, such as the contra and ipsilateral AI or secondary auditory cortex,\[[@ref37][@ref63][@ref65][@ref66][@ref67][@ref68][@ref69][@ref70]\] auditory information arises partially from intracortical inhibitory interneurons, representing up to 20 to 30% of cortical neurons. This may provide short-term neuroprotective effects.\[[@ref71][@ref72]\] Inhibitory interneurons could be one possible source of long-term neurodegeneration, leading to increased activity due to upregulation of excitatory and downregulation of inhibitory synaptic transmission.\[[@ref72][@ref73][@ref74][@ref75]\] Upregulation of neuronal firing induced by layer-dependent changes in inhibition and excitation could provoke excitotoxicity and might contribute to layer-specific cell death in AI.\[[@ref76]\]

In layer 1 of AI, decrease in TUNEL-positive grids in the 14-day group compared to 7-day group lost statistical significance on the level *P* \< 0.05 due to Bonferroni's correction to counteract the problem of multiple comparison. The TUNEL result is remarkable with regard to the strong decrease of neuronal density in AI-1 (−18%), the strongest decrease among all AI layers 1 week postnoise-exposure.\[[@ref18]\] This might be related to the MGB results, as the AI-1 receives input directly from dMGB.\[[@ref68]\] All AI-1 neurons are inhibitory including large neurons with horizontal processes, named the Cajal--Retzius cell, that are unique to layer I.\[[@ref71]\] As neuronal loss in AI-1 postexposure might affect mainly inhibitory interneurons,\[[@ref18]\] loss of inhibition could induce an exacerbation and ongoing cell loss. This process might still take place 1 week postexposure but seems to be diminished at day 14. As a consequence, the resulting lower number of cells in AI-1, and the reduced cell death might be responsible for the decrease in TUNEL after 2 weeks.

The ascending input from the ventral subdivision of the MGB terminates mainly in layers 3 and 4 of the AI.\[[@ref63]\] These areas, as well as layers 5 and 6, which also receive direct MGB input,\[[@ref77]\] show a weaker impact on neuronal density 1 week after noise exposure,\[[@ref18]\] probably due to protection from both the MGB and intracortical interneurons.\[[@ref71]\] In layers 3 to 6, the ratio of TUNEL-positive grids in the 7-day group remained unchanged compared to unexposed controls, which might also be an effect of a delayed but long-lasting neurodegeneration. A study on calcium-related activity showed a decrease in AI 2 weeks after noise exposure and supports this idea, as it may be related to reduced cell density in the auditory cortex.\[[@ref32]\] Therefore, noise-induced apoptosis in AI might be a consequence of multiple complex interactions within the auditory pathway and not simply caused by diminished input from the noise-damaged cochlea alone.
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